On solid substrates, yeast colonies pass through distinct developmental phases characterized by the changes in pH of their surroundings from acidic to nearly alkaline and vice versa. At the beginning of the alkali phase colonies start to produce ammonia, which functions as a quorum-sensing molecule inducing the reprogramming of cell metabolism. Such reprogramming includes, among others, the activation of several plasma membrane transporters and is connected with colony differentiation. In the present study, we show that colony cells can use two transport mechanisms to import lactic acid: a 'saturable' component of the transport, which requires the presence of a functional Jen1p transporter, and a 'non-saturable' component (diffusion) that is independent of Jen1p. During colony development, the efficiency of both transport components changes similarly in central and outer colonial cells. Although the lactate uptake capacity of central cells gradually decreases during colony development, the lactate uptake capacity of outer cells peaks during the alkali phase and is also kept relatively high in the second acidic phase. This lactate uptake profile correlates with the localization of the Jen1p transporter to the plasma membrane of colony cells. Both lactic acid uptake mechanisms are diminished in sok2 colonies where JEN1 expression is decreased. The Sok2p transcription factor may therefore be involved in the regulation of non-saturable lactic acid uptake in yeast colonies.
INTRODUCTION
Yeast colonies growing on solid medium periodically acidify and alkalize their surroundings. The alkali developmental phase is accompanied by the production of volatile ammonia, which induces adaptive metabolic changes and is important for longterm colony survival [1] . This metabolic adaptation includes the repression of genes involved in mitochondrial oxidative phosphorylation and stress response as well as the activation of genes for amino acid metabolism, peroxisome biogenesis, fatty acid β-oxidation and the glyoxylate cycle. In addition to metabolic changes, colonies increase their expression of several genes coding for plasma membrane transporters during the acid-toalkali transition. These include the ATO1, ATO2 and ATO3 genes for putative ammonium exporters and the JEN1 gene, encoding a monocarboxylate/proton symporter [1] . Jen1p substrates include lactate, pyruvate, acetate and propionate [2] , as well as selenite [3] . This transporter is subjected to glucose repression, being expressed in cells grown on non-fermentable carbon sources [4, 5] . It has been proposed that carboxylic acids (the possible products of early phase colony metabolism) may function as a carbon source for starving colonies in the latter phases of their development. Thus the uptake of monocarboxylates coupled with protons could lead to the initial increase in extracellular pH, which is an important precondition for the release of volatile ammonia during the alkali phase [1] . Saccharomyces cerevisiae colony development depends on the proper function of the transcriptional regulator Sok2p. BY-sok2 colonies lacking this regulator are not able either to release a sufficient amount of ammonia or to activate adaptive metabolism and exhibit defects in survival [6] . Among others, expression of the JEN1 gene is diminished in BY-sok2 colonies compared with the parental strain.
Ammonia-guided metabolic changes do not occur throughout the whole colony. They preferentially localize to distinct colony regions, mainly to the outer rim of the colony, composed of younger cells producing new healthy progeny. In addition to the increase in the amount of adaptive metabolic enzymes (e.g. Cit3p, Icl2p and Cta1p), the changes in the outer cells include an increase in the protein level of all three ammonium exporters (Ato1p, Ato2p and Ato3p) and a concomitant drop in the level of Pma1p [7] . In contrast, the metabolism remains relatively unchanged in the colony centre [7, 8] , where the level of reactive oxygen species (an indicator of oxidative stress) increases and some cells undergo programmed cell death [9] . The described centre-outer diversification is absent in BY-sok2 colonies, in which cell dying occurs throughout the whole colony.
The aim of the present study was to elucidate the possible role of the Jen1p monocarboxylate transporter in the long-term development and differentiation of the S. cerevisiae colony. Analysis of the Jen1p protein level and its activity, as well as the behaviour of the BY-jen1 knockout strain revealed the important role of this transporter in the alkali phase of colony development. In addition, lactic acid uptake analysis revealed the presence of the two transport mechanisms: one saturable (always associated with Jen1p activity) and the other non-saturable (diffusion). The data found for the diffusion rates in the colonies of knockout strains are consistent with the existence of a currently unidentified lactic acid facilitator in yeast cells. The present study
Figure 1 Alkalization and ammonia production
Giant colonies were grown on GMA-BKP (B). (A) The amount of volatile ammonia produced by BY4742 (wt), BY-jen1, BY-sok2 and BY-sok2jen1 colonies was determined. The values represent the means + − S.D. for three independent experiments. Data significance (BY4742 compared with BY-sok2/BY4742 compared with BY-sok2jen1/BY4742 compared with BY-jen1) was determined using the two-tailed t test. P values of 0.05 or less were considered statistically significant: *P < 0.05, **P < 0.01. 
EXPERIMENTAL

Strains, plasmids and growth conditions
The S. cerevisiae strains used in the present study are listed in Table 1 . Colonies were grown on GMA-BKP (glycerol medium agar-Bromocresol Purple) [3 % glycerol, 1 % yeast extract and 2 % agar with 0.01 % BKP (supplemented as 1 % solution in ethanol)] at 28
• C. In each experiment, parallel plates were inoculated with six giant colonies per plate ( Figures 1B and 1C) . Liquid cultures were grown in YPD medium [1 % (w/v) yeast extract, 1 % (w/v) peptone and 2 % (w/v) glucose] overnight. Cells were harvested in the exponential phase (D 640 = 0.5), washed twice and transferred to SML (synthetic minimal liquid) medium [0.67 % YNB (yeast nitrogen base), Difco, with auxotrophic requirements] supplemented with lactic acid (0.5 %), pH 5.0, for 4 h for the induction of JEN1 gene expression.
Transport assays
Radiolabelled lactic acid uptake was determined as described previously [2] . Cells from central and outer colony regions were collected and after ice-cold water washing, diluted to a final concentration of approximately 25-40 mg d.w. (dry weight)/ml. An aliquot (10 μl) of the cell suspension was added to 30 μl of 0.1 M potassium phosphate buffer, pH 5.0, and incubated for 2 min at 25
• C. The reaction was started by adding 10 μl of [U- 14 C]lactic acid (sodium salt; Amersham) (4000 d.p.m./nmol), pH 5.0, and stopped after 5 s by diluting with 5 ml of ice-cold water. Cells were collected and washed immediately through GF/C filters (Whatman) and radioactivity was measured in scintillation fluid (Opti-Phase HiSafe II; LKB FSA Laboratory Supplies) in a Packard Tri-Carb 2200 CA liquid scintillation spectrophotometer with disintegrations per minute correction. To determine the non-specific 14 C adsorption, the labelled lactic acid was added at zero time after the addition of ice-cold water. To determine the transport kinetics that fitted best to the experimental values of initial lactate uptake rates and estimate the kinetic parameters, a computer-assisted non-linear regression analysis was used (GraphPAD software). By iterative calculations we determined the best fitting curve, either to a second-order kinetics [fitting to a saturable mechanism described by the equation 
Ammonia production measurement
Ammonia released by growing colonies was absorbed into acidic traps as described previously ( [10] , http://www.natur.cuni. cz/∼zdenap) at intervals of 2 or 3 days during the experiment. The amount of ammonia in each sample was determined using the Nessler reagent.
Transformation of S. cerevisiae cells
Transformation was done by the lithium acetate/ssDNA/PEG method [11] . The transformed cells were plated on to YPD solid medium containing either 200 μg/ml geneticin (G418 from Life Technologies) and/or 30 μg/ml hygromycin (CAYLA). The transformants obtained were verified by analytical PCR as described by Kruckeberg et al. [12] .
Construction of strains harbouring JEN1 fused with GFP in the chromosome
The KanMX4 gene in the BY-sok2 deletion strain (EUROSCARF Y10591, BY4742 sok2::KanMX4) was replaced by the HphMX gene from plasmid pAG32 [13] by homologous recombination between the promoter and terminator regions. The resulting strain was designated SD2. The JEN1-GFP-KanMX4 construct was amplified by PCR (primers W303-1A forward and W303.1A reverse) from the U2 strain [5] carrying a chromosomal Cterminal GFP tag on the JEN1 gene. Strains BY4742 and SD2 were transformed with this PCR product, resulting in strains BY-Jen1p-GFP (BY4742 JEN1::GFP Kan r ) and BY-sok2-Jen1p-GFP (MATα, his3Δ1, leu2Δ0, lys2Δ0, ura3Δ0 sok2::HphMX4 JEN1::GFP Kan r ) respectively.
Construction of the sok2/jen1 double-knockout strain
The SD2 strain was transformed with the PCR product of jen1::KanMX4 of the S. cerevisiae strain BY-jen1. The selection was done with hygromycin and G418. The double mutant strain BY-sok2jen1 (BY4742 sok2:: HphMX4 jen1::KanMX4) was verified by PCR.
Determination of Jen1p-GFP level
To determine the amount of Jen1p-GFP, we used a method described previously [7] . Briefly, total cell lysates were prepared from cells taken from the outer margin and centre of colonies grown on GMA-BKP, broken with glass beads in 10 mM Mes buffer, pH 6, supplemented with Complete TM protease inhibitor mixture (Roche Applied Science) and 1 mM AEBSF [4-(2-aminoethyl)benzenesulfonyl fluoride; Sigma] in a FastPrep (Qbiogene). After cell debris removal, the proteins of cell lysates were subjected to SDS/PAGE (6 μg per slot determined using the Quick Start Bradford protein assay kit, Bio-Rad Laboratories) and transferred on to a PVDF membrane (Immobilon-P; Millipore). GFP-tagged Jen1p was detected by mouse monoclonal anti-GFP antibody conjugated to horseradish peroxidase (Santa Cruz). The peroxidase signal was visualized with Super Signal West Pico (Pierce) on Super RX medical X-ray film (Fuji). Coomassie Brilliant Blue staining of proteins transferred to PVDF membranes was used as a loading control.
Photography of colonies and cells
Colonies were photographed with a Hitachi HV-C20 colour camera with Cosmicar or Navitar lenses, Kaiser Prolite illumination system and NIS Elements software (Laboratory Imaging). Cells were photographed with a high-performance CCD (charge-coupled-device) camera (Cohu 4912) using a Leica DMR microscope with a 100×/1.3 oil objective (Leica HCX PL fluotar), a GFP filter or under Nomarski contrast and NIS Elements.
RESULTS
Jen1p transporter is important for colony development and ammonia signalling
It has been previously shown that JEN1 expression is strongly induced during the switch of S. cerevisiae BY4742 colonies from the acidic to alkali phase of their development [1] . We therefore asked the question of whether the presence of Jen1p transporter is important for proper colony development. Measurement of the time-line of ammonia production by colonies formed by the isogenic BY-jen1 strain showed that the absence of the Jen1p transporter affects ammonia signalling and colony development. As shown in Figure 1(A) , colonies of the BY-jen1 strain significantly diminished ammonia production compared with the wt (wild-type) isogenic strain, and they were unable to undergo the transition to the alkali phase ( Figure 1B ).
Sok2p transcription factor was previously shown to be important for ammonia production and colony alkalization ( Figures 1A and 1B) as well as for proper expression of the JEN1 gene [6] . To see whether the defect is further potentiated by deletion of Jen1p, we prepared an isogenic strain with the double deletion sok2 and jen1 (BY-sok2jen1) and measured the timeline of ammonia production. As shown in Figure 1 , BY-sok2jen1 colonies, similarly to BY-sok2 colonies, did not produce ammonia nor undergo the transition to the alkali phase.
Cells in different colony regions produce different levels of Jen1p transporter
Ammonia signalling failure was shown to be linked to a lack of centre-outer colony differentiation [7, 9] . We therefore asked the question of whether the amount of Jen1p differs in the central and outer colony areas. We constructed the BY-Jen1p-GFP strain, harbouring a chimaeric fusion between JEN1 and GFP genes directly in the chromosome. This not only guarantees the stability of the construct, but also the native regulation of JEN1 gene expression and thus of the amount of protein produced. Jen1p-GFP protein properly localized to the plasma membrane of BYJen1p-GFP cells and the import of lactate was similar to that observed for the parental strain, when cells were cultivated in SML medium, supplemented with lactic acid, as described in the Experimental section (Figure 2A ). This proved that Jen1p with the C-terminal GFP-tag is fully functional in the BY4742 background, a result that agrees with previous data [5] . BYJen1p-GFP colony development on GMA-BKP and the course of ammonia production were also comparable with wt colonies (results not shown).
BY-Jen1p-GFP colonies grown on GMA were then used to monitor changes in the amount ( Figure 3B ) and subcellular localization ( Figure 3A ) of the Jen1p protein in the colony centre and margin. In the first acidic phase of colony development, the amount of Jen1p-GFP determined by Western blot was relatively high ( Figure 3B, 4th day) and most of the Jen1p-GFP localized to the plasma membrane ( Figure 3A) , both in central and outer (C) for three independent experiments are shown. Data significance was determined using the two-tailed t test. P values of 0.05 or less were considered statistically significant: *P < 0.05, **P < 0.01, ***P < 0.005. colony cells. In the late acidic phase, the central cells maintained a relatively high Jen1p-GFP level, and a transient decrease in Jen1p-GFP level in the outer cells was visible ( Figure 3B , 6th day). After the transition to the alkali phase, the centre-outer diversification became the most prominent. From this transition point on, the amount of Jen1p-GFP in the central cells gradually decreased, whereas a substantial increase was found in the outer cells ( Figure 3B, 9th-13th days) . Accordingly, a strong GFP fluorescence at the plasma membrane of the alkali-phase outer cells was detected. In addition, these cells exhibited bright GFP fluorescence within their vacuoles, suggesting a high rate of Jen1p-GFP protein turnover starting at the alkali phase. This corresponds to the high level of free GFP (∼ 27 kDa) detected in the corresponding samples in the Western blot (results not shown). Later, in the late alkali and the second acidic phases, the level of Jen1p-GFP also gradually decreased in outer cells ( Figure 3B , 17th-31st days) and the intensity of the GFP fluorescence at the plasma membrane was also lowered. Overall, these results clearly show that Jen1p is differentially produced during colony development depending on cell localization within the colony.
Ability of cells from colonies to import lactic acid by Jen1p-mediated active transport and by diffusion
First, lactic acid transport assays were carried out in BY4742 cells, grown in SML medium, to estimate their kinetic parameters at pH 5.0, 25
• C (Figure 2A ). The determined K m = 0.29 + − 0.13 mM was in accordance with what had been previously reported for other S. cerevisiae strains [2, 14] . This K m value was a fixed parameter when performing kinetics analysis for lactate transport in colonies. On the other hand, the V max values, being a function of the activity of the transporter and proportional to its quantity, served as a direct measure of Jen1p activity/level in central and outer colony cells.
A computer-assisted non-linear regression analysis applied to the initial uptake rates of lactic acid (see the Experimental section) measured in cells from colonies revealed biphasic kinetics: second-order kinetics ('saturable' component of the transport) superimposed with a linear component ('non-saturable' component) ( Figure 2B ). The saturable component is associated with the transporter, characterized by the V max and K m parameters; the linear component is characterized by the diffusion constant − S.D. for three independent experiments are shown. Data significance was determined using the two-tailed t test. P values of 0.05 or less were considered statistically significant: *P < 0.05, **P < 0.01.
(K d ), estimated from the slope of the first-order kinetics curve. In colonies, we found a clear correlation of the Jen1p-GFP protein level determined by fluorescence microscopy and Western blot ( Figures 3A and 3B ) and the V max for lactate uptake ( Figure 3C ). Central and outer cells from the wt colonies occurring in the first acidic phase exhibited a V max of 0.29 + − 0.03 and 0.27 + − 0.04 nmol lactic acid/s per mg of d.w. respectively. In the later phases, the transporter activity (V max ) gradually decreased in central cells, whereas the increase in activity was found in outer cells, reaching a peak between day 10 and 13 of colony development (i.e. in the alkali phase). During the transition to the second acidic phase, the Jen1p activity in outer cells decreased as V max exhibited similar low values in both colony regions (approximately 0.1 nmol lactic acid/s per mg of d.w. on day 24). These data support the involvement of Jen1p in the saturable lactate uptake in colonies.
The K d values representing the non-saturable component of uptake found in the wt central cells were low (typically approximately 0.02 μl/s per mg of d.w.) throughout the colony development. However in the outer cells, the K d increased between day 10 and 13 of colony development (in parallel with the mediated transport) and reached values 3-fold higher than the central cells (Figure 4) .
We further measured the initial rates of labelled lactic acid uptake in cells from both parts of BY-jen1 colonies. As expected, the kinetics found fitted with non-saturable kinetics (results not shown), indicating that Jen1p is the only transporter responsible for the mediated transport of lactate under these conditions. When comparing the diffusion constants, we found that the time course changes in K d of outer BY-jen1 cells resembled those of outer wt cells: K d increased during the first acidic phase (until the 10th day), remained unaltered during the abortive alkali phase, and a subsequent drop in its values was observed upon transition to the second acidic phase ( Figure 5A Data significance was determined using the two-tailed t test. P values of 0.05 or less were considered statistically significant: *P < 0.05, **P < 0.01, ***P < 0.005. cells slightly decreased. This indicates that BY-jen1 colonies may be incapable of centre-margin diversification like other mutant strains lacking ammonia production (e.g. BY-sok2, BY-sod2 and BY-ctt1) [8, 9] .
Lactic acid transport in colonies is diminished when Sok2p transcription factor is absent
As shown previously [6] , colonies formed by the strain with the gene for Sok2p transcription factor deleted are unable to produce ammonia and undergo the transition to the alkali phase (see also Figures 1A and 1B) . In addition, BY-sok2 colonies exhibit a decreased level of JEN1 expression [6] . To be able to monitor Jen1p-GFP protein level during the development of BY-sok2 colonies, a BY-sok2-Jen1p-GFP strain containing the JEN1-GFP genomic fusion was constructed. Figure 3(B) shows that BY-sok2-Jen1p-GFP colonies produced a markedly lower overall level of Jen1p-GFP than wt colonies. The Jen1p-GFP profile in outer and central cells, however, still followed that of the wt cells, exhibiting a gradual decrease in Jen1p in central cells and its transient increase in outer cells during the transition to the abortive alkali phase of BY-sok2 colonies. In terms of subcellular localization, the Jen1p-GFP fluorescence at the plasma membrane of sok2 cells was significantly weaker than that of the wt cells ( Figure 3A) . As early as the first acidic phase, a strong vacuolar signal appeared in cells from BY-sok2-Jen1p-GFP colonies, suggesting that in addition to lower JEN1 expression, Jen1p degradation is accelerated in BY-sok2 colonies compared with wt colonies.
In accordance with their low Jen1p-GFP protein level in the membrane, cells from BY-sok2 colonies also had a weak ability to transport radiolabelled lactic acid. The mediated component of lactate uptake was low at nearly all time points of colony development, being lowest in the central cells ( Figure 3C ). Unexpectedly, only negligible values of the nonsaturable component of lactic acid uptake were observed in BYsok2 colonies. The K d value of BY-sok2 central cells was on average 2-and 4-fold lower than that of the wt and BY-jen1 central cells respectively (Figure 4 ). The differences in outer cells during the first acidic and alkali developmental phases (days 6-13) were even higher: the K d value of BY-sok2 outer cells was on average almost 27-and 23-fold lower than the highest K d values of the wt and BY-jen1 outer cells respectively. This led us to speculate that the non-saturable transport for lactic acid across the plasma membrane that participates in the acid import in both wt and BY-jen1 colonies is absent in the BY-sok2 mutant. To explore this hypothesis, we also measured lactic acid uptake in the cells of BY-sok2jen1 colonies. In this strain, any possible effect of the Jen1p transporter is eliminated. The K d values measured in BYsok2jen1 colonies were as significantly low as those determined for BY-sok2 colonies, both in central and outer cells ( Figure 5B ) and sharply contrasted with those found for BY-jen1 colonies ( Figure 5C ). Measuring the lactic acid uptake by cells from BYjen1, BY-sok2 and BY-jen1sok2 colonies thus clearly proved that the absence of the Sok2p transcription factor significantly decreases the ability of cells from colonies to import lactic acid, not only via the Jen1p transporter, but also by the other mechanism mediating the entry of the acid by diffusion.
DISCUSSION
As proposed previously, carboxylic acids may function as important carbon sources for the alternative adaptive metabolism activated in S. cerevisiae colonies after their entry to the alkali ammonia-producing period of their development [1] . Carboxylic acids may be then metabolized and form oxaloacetate, one of the substrates important for driving the glyoxylate cycle. In the present study, we show that the Jen1p transporter is important for proper ammonia signalling and colony development, since BYjen1 colonies neither alkalize their surroundings efficiently nor produce a sufficient amount of ammonia. Jen1p is able to actively transport monocarboxylates, e.g. lactate, pyruvate, acetate and propionate [2] that in their unprotonated negatively charged form cannot enter the cells by passive diffusion. As the charged lactate and other monocarboxylates should highly predominate over the protonated (uncharged) form at the pH present in alkali-phase colonies [15] , these cells most likely acquire these compounds almost exclusively via the Jen1p transporter.
The level of Jen1p-GFP as well as the cell's ability to transport lactate steeply increases in the outer cells of wt colonies just after their entry to the alkali developmental phase. The Jen1p protein level is kept high in outer cells during the alkali phase and decreases during the colony transition to the second acidic phase. In contrast, central cells gradually decrease their Jen1p-GFP level and Jen1p transporter activity after entering the alkali phase (scheme in Figure 6 ). This centre-outer diversification in Jen1p level and transport activity fully corresponds to the previously observed increase in the amount of adaptive metabolic proteins in outer cells when colonies enter the alkali phase [7] . This finding strongly supports our hypothesis on the role of carboxylic acids as a source of substrates for the essential adaptive metabolism. In yeast colonies, Jen1p appears to be the sole transporter responsible for lactate uptake, since its deletion completely abolishes the saturable uptake kinetics. One can hypothesize that Jen1p could either import monocarboxylates released by the colony during the first acidic phase [1] , or possibly those released during the regulated cell death of central cells later in the alkali phase [9] . The release of carboxylic acids, specifically of acetic acid, has been shown in colonies as a consequence of increased superoxide radical level in mitochondria [16] which is higher in central colonial cells [8] . The released carboxylic acids can then support the growth of healthy outer cells [9] .
In addition to Jen1p-protein-mediated transport, colony cells display the ability to import lactic acid via a first-order kinetics mechanism (quantified by the diffusion constant K d ) that differs in cells coming from different colony areas and developmental phases, reaching its highest values in outer cells from alkaliphase colonies. The K d value is significantly diminished when the Sok2p transcription factor is absent (Figures 4 and 5) , which suggests that the entry of lactic acid by means of the firstorder kinetics mechanism (diffusion) is somehow regulated during colony development; either the membrane properties change or an additional transporter system could be involved. Transcription factor Sok2p has been shown to influence colony development from the early phases of colony growth [6] . The absence of Sok2p transcription factor could thus lead to a modification of the cell membrane, compromising the simple diffusion. Alternatively, a hypothetical channel-like transporter system responsible for the linear part of the uptake kinetics of lactic acid in the wt strain is not produced in BY-sok2 colonies. What are the pros and cons of both possibilities? The hypothesis that the non-saturable kinetics can be attributed to the simple diffusion of the uncharged lactic acid through the membrane lipid bilayer seems very unlikely to occur under the experimental conditions used: 5 s reaction time and pH 5.0 for the transport measurements. Under these conditions, and taking into account the pK a of lactic acid (3.86), only 6.76 % of the acid is in its liposoluble (uncharged) form, which is a very small amount of the compound to account for its efficient transport in measurable amounts inside the cells when using a 5 s time reaction. The microarray data on the transcriptomes of wt colonies showed that the expression of genes connected with ergosterol biosynthesis (e.g. ERG6, ERG24, ERG25, CYB5 and, later in the alkali phase, also ERG5) increases during the transition from the first acidic to alkali developmental phase [7] , i.e. at the time when lactic acid uptake via first-order kinetics intensifies (Figure 4) . The higher sterol concentration would, however, decrease membrane fluidity and thus also its permeability [17, 18] . Moreover, the expression level of ERG genes is similar or even lower (in the case of ERG5) in BY-sok2 colonies when comparing with wt colonies [6] . Thus these observations, together with experimental conditions used, argue against simple diffusion through the membrane in alkali-phase colonies and forces us to raise the hypothesis of the existence of a channel-like transporter mediating the passive diffusion of lactic acid in colonies. The fact that sterols can activate most of the transporters [17] supports the possible participation of a hypothetical channel in lactic acid transport in alkali-phase colonies. Its synthesis could be under the control of the transcriptional regulator Sok2p and thus absent in sok2 colonies. This hypothetical channel is, however, insensitive to niflumic acid and NPPB [5-nitro-2-(3-phenylpropylamino) benzoic acid], the Cl − /anion-chanel inhibitors [19] , or Hg 2 + , the aquaporin-type channel inhibitor [20, 21] as no inhibitory effect of these compounds was found on lactic acid uptake at pH 4.0 and 5.0 in BY-jen1 strains (Figure 7) . So the identity of this hypothetical monocarboxylate channel still remains to be elucidated as well as its natural substrate. Such a channel is not very likely to be identical to the lactic acid exporter predicted in the S. cerevisiae strain engineered for lactic acid production [22] . This putative exporter was predicted to use ATP or protonmotive force for driving the transport, which does not correlate with the non-saturable component for lactic acid import found in alkali colony cells. There are also other reports [2, 3] suggesting the existence of a channel-type transporter for lactic acid in S. cerevisiae, demonstrating that the diffusion of the acid across plasma membrane in yeast is a regulated process. However, until now the efforts to identity the respective gene(s) have been unsuccessful.
